The effects of processing parameters, including solution concentration, viscosity, nozzle diameter, voltage bias and the nozzle to collector distance, on the morpho logy and diameters of poly(methyl methacrylate) (PMMA) fibers have been systematically investigated, using a unique pump-free electrospinning method. For PMMA solution concentrations less than the critical entanglement concentration, c e , prolate spheroidshaped droplets or beads with fibers were formed, whereas at concentrations above c e , good quality beadfree fibers were formed. Quantitative analysis revealed a linear dependence between the solution viscosity and fiber diameter. Larger fiber diameters were achieved by increasing the nozzle diameter and voltage bias. Increasing the bias voltage has the additional effect of broadening the diameter distribution, as a result of splaying and splitting. By contrast, when the strength of the electrical field was reduced by increasing the distance between the nozzle and collector, the overall fiber dia meter was reduced.
Introduction
Nanomaterials are intensely investigated because of their unique material properties, such as high surface-to-volume ratios and tunable optoelectronic properties on the nanometer scale. Amongst the different known nanoscaled morphologies, nanofibers have become the focus for immediate applications, due to their good mechanical strength, while maintaining high surface area to volume ratio. Prospective application areas for nanofibers include ion conductive nanofibrous membranes for high performance batteries [1] , piezoelectric fibers [2] , filtration [3] , tissue engineering scaffolds [4] , solar cells [5] , and photocatalysts [6] .
Electrospinning is a cost effective approach for producing polymers [7, 8] and metal oxide fibers [9] . In typical electrospinning processes [10] , a high voltage is applied to a liquid drop, creating an electric field between the drop and a collector. The electrostatic repulsion counteracts the surface tension of liquid, which causes the droplet to stretch. At a critical point, a stream of liquid erupts from within the drop, forming a jet of fibers flowing away from the liquid drop followed by a series of electrically-driven bending instabilities.
Generally, the morphology of the fibers depends on various intrinsic and extrinsic parameters; the former parameters set are those that depend on the solution, whereas the latter are generally the processing para meters. Intrinsic parameters include solution viscosity, controlled by polymer molecular weight and concentration, surface tension, solvent vapor pressure, and diffusivity in air. Extrinsic or processing parameters include voltage bias, applied electric field strength, which depends on the tipto-collector distance and bias voltage, nozzle orifice diameter, and solution feed rate [8, 11 -17] .
This work focused on controlling and understanding the formation and morphology of electrospun fibers. Determining the response of the distribution of the diameters of the electrospun fibers to the process parameters and polymer solution rheology is a challenging task, since many parameters are correlated to each other. This complexity is reflected in the number of inconsistent experimental results that have been previously reported.
For example, Katti et al. [17] reported that larger nozzle diameter resulted in larger fiber diameter, while Macossay et al. [18] reported that the nozzle diameter has no influence on the fiber diameter. Although, it is generally agreed that larger bias voltage creates larger diameter fibers [19, 20] , Katti et al. [17] reported that an increase in voltage caused a decrease in nanofiber diameter initially, but further increase caused nanofiber diameter fluctuation. More controversially, measurements taken by Gu et al. [21] showed no correlation between fiber diameter and bias voltage. We note that most of those reported results are obtained with flow-controlled electrospinning processes, in which the effects of the nozzle diameter and voltage bias could be affected by the solution pumping rate.
Such contradictory results suggest that there is complex interference between processing parameters and that previous experimental approaches have not disentangled these parameters sufficiently to allow a clear appraisal of the fundamental processes that occur in electrospinning. To avoid such complications and to eliminate any dependencies due to the pumping rate, we used a glass capillary with no extrinsic solution feed control, thus ensuring that the results of the electrospinning are determined by the strength of electrical field, nozzle diameters and solution viscosity alone. To our knowledge, the number of pump-free electrospinning studies is very limited [22] , although there are clear technical advantages; for instance, a matrix of parallel nozzles can be used for high throughput production without cross interference between them, a potential consistency problem for flowcontrolled electrospinning.
We chose PMMA in dimethylformamide (DMF) as a model system to examine the dependence of morphology of the nanofibers on the three isolated processing parameters mentioned above. PMMA nanofibers have wide potential applications in many areas, including tissue engineering [23] , cell growth [24] , and enzyme immobilization [25] , due to their biocompatibility and adjustable hydrophilic/hydrophobic properties; they can also be used as templates for the formation of nanostructured metal oxides, such as TiO 2 [26] . As the morphology of these metal oxide nanostructures is directly determined by the PMMA nanostructure, a general and fundamental understanding of the dependence of nanomorphology on extrinsic processing parameters is highly important, if accurate and predictable control is to be achieved. Moreover, an optimized high throughput, pump-free electrospinning process could offer an opportunity for producing large quantities of metal oxide nanofibers as photocatalysts. In this study, we have identified the conditions for creating polymer fibers on the nanometer scale.
Experimental
The solutions used in the electrospinning experiments were prepared using PMMA with a weight average molecular weight of 996,000 g/mol, determined by gel permeation chromatography performed by the supplier (SigmaAldrich). The PMMA was used as received. PMMA was dissolved in DMF (Sigma Aldrich), forming solutions in concentrations ranging from 1 to 10 wt%. The solutions were stirred at room temperature for 24 h before use.
The viscosity of the solutions at different concentrations was measured at room temperature using an Ostwald viscometer (PSL tube viscometer, BS/U type) with a 4 mm capillary. Glycerol (Sigma Aldrich) was used to calibrate the viscometer. To determine the reproducibility and the consistency of the observed viscosity, measurements were repeated twice.
The facility for electrospinning consisted of a glass pipette with controlled orifice diameter varying from 0.1 to 1.2 mm. The set-up for the pump-free electrospinning is shown in Scheme 1 . The pipette orifice diameter was measured using optical microscopy and calibrated with a scanning electron microscope (SEM, Jeol JSM820). The fibers were collected on a sheet of earthed aluminum foil, which was placed at a distance ranging from 10 to 20 cm from the end of the pipette. The pipette was mounted horizontally to remove the effect of gravity on the flow rate. A wire, connected to a high voltage DC supply (maximum 50 kV), was directly inserted into the polymer solution loaded inside the pipette, to supply the positive bias. All experiments were carried out at room temperature, stabilized at 22 ° C, with a relative humidity of 35%.
The diameter and morphology of the collected polymer fibers were studied by SEM operated between 10 and 30 kV. For each electrospun sample, the diameters of 100 fibers were measured in at least 20 different fields and were then averaged. The error bars in the fiber diameter plots correspond to the full width of half maximum (FWHM) of the diameter distribution.
In order to understand the influence of processing parameters individually, and to determine their sensitivity towards the morphology of electrospun polymer fibers, only one parameter at a time was varied while all the other physical parameters were kept constant, in order to supply systematic experimental information which can be used for further theoretical modeling.
Theoretical considerations
When a charged liquid cylinder within the nozzle is subject to an external electrical field, a pressure is generated between the solution and the counter electrode. This force acts so as to extract the solution, creating a convex meniscus balanced by the surface tension at the liquidair-nozzle interface. The equilibrium extracting force, P , formulated by Taylor [27] , is described in Eq. (1):
where W is the weight of the fluid above the nozzle, p is the pressure applied on the solution within the nozzle, T is the surface tension, φ is the angle between fluid surface and nozzle wall, which defines the shape of the meniscus, and R is the radius of the nozzle. In our experiments, W becomes negligible as the pipette is horizontal and p is zero, as the process is pump-free and so the extraction force is only balanced by the surface tension term: 2 π RT cos φ . At the tip of the nozzle, the solution can be assumed to be in a cylinder shape. The extraction force applied at the liquid at the tip is [28] :
where V is the electrical potential at the end of the nozzle, h is the distance between the end of the nozzle and the collector, and x is the position along the axis of the needle. The extraction force is proportional to the V 2 , which is due to both the charge density and electrostatic forces being linearly proportional to the applied potential. The integration in Eq. (2) reflects the geometric factors that affect the charge distribution, as well as the attractive interaction between the liquid and collector. When this extraction force is larger than the surface tension of the liquid in the needle, given by 2 π RT cos φ , the solution will be extracted out of the needle.
Once the solution is extracted from the pipette, it will be stretched into nanofibers, due to the electrical field. This stretching process follows the mass, charge, and momentum conservation laws in concert with stead state fluid dynamic theory, as established by Feng [29] . Mass conservation requires that:
where v is the linear stretching rate, r is the diameter of the fiber and Q is the volume flow rate. In our pump-free process, Q is a function of strength of electrical field, solution viscosity and nozzle diameter. In contrast, for a conventional flow-controlled process, Q is normally assumed to be constant. However, this is not necessarily true if the delivery rate is higher than the flow rate determined by the stretch rate. In such cases, excess solution will be accumulated at the end of the nozzle, in which the concentration will increase due to the solvent evaporation, and control of the solution composition may be lost.
Results and discussion

Viscosity measurements
For a linear polymer like PMMA, the solution viscosity reflects the entanglement of the polymer molecules. Such intermolecular interactions form one of the most critical internal parameters influencing the morphology of the final electrospun material: at very low concentrations and therefore viscosity, cups, rings, and other morphologies are formed instead of fibers [30] . Our measured specific viscosity as a function of PMMA concentration is shown in Figures 1 A and 1B. An almost linear dependence of viscosity on PMMA concentration can be found at very low concentrations, which gives an intrinsic viscosity of 145.4 cm 3 /g, followed by a nonlinear increase of the viscosity, shown in Figure 1 A. This measured intrinsic viscosity of PMMA in DMF is in excellent agreement with the predicted value of 150.3 cm 3 /g, using the polymer molecular weight 996,000 g/mol, and MarkHouwink-Sakurada relationship [31] with parameters from Dobkowski [32] .
The logarithmic scale plot, shown in Figure 1 B, reveals two different power law dependences in different concentration regions. The intersection of the two concentration dependencies of these regimes yields the critical entanglement concentration, c e . In our experiments, the point of interaction occurred at a concentration of 3.3 wt%. As c e represents the point above which significant 3D entanglement dominates the observed viscosity, this concentration is critical in the electrospinning process, as significant interchain interactions are essential to balance the surface tension. With c < c e , this interaction is too weak to compensate for the surface tension, resulting in droplets rather than fibers. Therefore, for solutions with lower viscosity and higher surface tension, the spinning solution breaks down into droplets, while for solutions with higher viscosity and lower surface tension, fibers can be formed [10] .
Quantitative analysis of the two power law behaviors of the viscosity, reveals an exponent of 1.24 for the semidiluted unentangled regime and an exponent of 4.82 for the semidiluted entangled regime. For low concentration solutions, McKee et al. [33] have identified an exponent of 1.25, while for high concentration solutions, Colby et al. [34] predicted the exponent of 4.5 and measured experimentally a value of 4.8. Our measurements are in good agreement with these values. An exponential value for 4.82 corresponds to significant close packing of chains if the Higgins equation is obeyed in this system [35] , although Gupta et al. [36] reported the exponents of 0.65 and 5.3 for the two concentration regimes.
Effect of polymer concentration
The entanglement interactions of polymer chains resist the break-up of the viscoelastic jet into droplets, which leads to formation of long fibers. The morphology and diameter of such spun fibers therefore depends upon the factors that affect the viscosity of solution, such as polymer concentration and molecular weight of the polymer. Since the molecular weight of PMMA is fixed in our study, the viscosity of solution is solely determined by the concentration of the PMMA.
Examples of the concentration-dependent morphology of the electrospun PMMA nanofibers, observed by SEM, are shown in (Figure 2 ) ; the scale bars of large size SEM images in Figure 2 (Figure 2 A) , which is consistent with the theoretical discussion above. The droplets were all in the prolate spheroid shapes, with a longer dimension of approximately 890 nm and the shorter dimension of approximately 300 nm. Such elongated shapes are a direct result of the stretching in the electrical field during the spinning process. Most of the droplets had dimples in the middle, which we attribute to the evaporation of the solvent. The measured flow rate was about 8 ml/h.
At a polymer concentration of 2 wt%, the measured viscosity was about 4.5 mPa s and beaded fibers were formed; images of the spun material at this concentration are shown in Figure 2 B. The residual beads between the fibers were in a similar prolate spheroid shape as observed at 1 wt% solution in Figure 2 A. The larger droplets (different from beads) were also formed, due to the high flow rate at low viscosity and the measured flow rate for the 2 wt% solution was about 6 ml/h. The average diameter of the fiber was about 88 nm in the bead free sections. At this concentration, the surface tension was balanced by the viscosity when the concentration increased from 1 to 2 wt%. Therefore, both beads and fibers were formed as a mixture of morphologies. For a polymer concentration of 4 wt%, slightly larger than the c e (3.3 wt%), the measured viscosity was increased to 9.9 mPa s, indicating stronger interactions between polymer chains. At this viscosity, the measured flow rate was reduced significantly to a level of 3 ml/h. The percentage of the beads was reduced dramatically, while the diameter of the fibers was also increased to 182 nm; images of the spun fibers are shown in Figure 2 C. At 6 wt% solution, shown in Figure 2 D, uniform fiber structure was found with far fewer beads, with an average fiber diameter increasing to 294 nm. Further increasing of polymer concentration to 8 wt% provided negligible increases in fiber diameter, although the viscosity increased to 81 mPa s. As the concentration increased to 10 wt%, the viscosity of the solution increased to 236 mPa s. Not only did the average diameter increase to over 900 nm, but the diameter distribution also became much wider in comparison to the fibers spun from 4 to 8 wt% solutions. This is attributed to the fiber splaying and splitting, as shown in the SEM image in Figure 2 F. For solutions with PMMA concentration above 6 wt%, a stable flow rate of 1 ml/h was achieved. This corresponds to a minimum flow rate determined by nozzle diameter and field strength.
Shenoy and co-workers [37] reported a semi-empirical analysis to explain the effect of polymer entanglements on the concentration limit for fiber formation. Comparing with experimental results, they reported that with an entanglement number, ne , between 2 and 3.5, both fiber and beads were formed; with ne larger than 3.5, good quality, bead-free fibers were formed. These entanglement numbers correspond to the concentration limit of 3.1 wt% and 5.4 wt% for PMMA (Mw ∼ 996,000 g/mol) solutions in DMF used in this work and the observed formation of bead-free fibers at PMMA concentrations above 6 wt% is in good agreement with the prediction using Wnek ' s semiempirical analysis [37] . Figure 3 A summarizes the average diameter of the PMMA fibers as a function of polymer concentration. The measured FWHM of the fiber diameter distribution function is shown as the error bars in Figure 3 . It is clear that as the concentration increased, both the fiber diameters and their distribution also increased. In particular, a sharp increase of diameter and distribution was found between 8 and 10 wt%. Overall, a power law relationship with an exponent of 4.2 was observed. Similar behavior was observed by Gupta et al. [36] , although an exponent of 3.1 was reported. In order to understand the quantitative effects of solution viscosity, the fiber diameter was plotted against the measured viscosity (Figure 3 B) . To our surprise, a good linear relationship with a slope of 3.24 nm/(mPa s) and a R 2 of 0.983 can be identified; Gupta et al. [36] also reported a linear relationship between the fiber diameter and solution viscosity for molecular weight less than 100,000 g/mol, but a power relationship with an exponent of 0.72 for higher molecular weight PMMA solutions. McKee et al. [33] reported power law dependence with an exponent of 0.8. The discrepancy between these observations may be caused by variations in a controlled flow rate in their experiments. In our measurements, the flow rate was naturally determined by the viscosity of the solution, the nozzle diameter and the applied electric field strength. A higher extracting rate was achieved for lower viscosity solutions; as a function of polymer solution concentration, our measured flow rate varied from 8 ml/h (1 wt% PMMA in DMF) to 1 ml/h (6 wt% PMMA in DMF). However, most of the reported work was carried out with a fixed flow rate at 1 ∼ 2 ml/h. This will restrict the natural formation of the Taylor cone, causing interrupted and delayed electrospinning and resulting in a smaller fiber diameter. Our pumpfree process eliminates the restriction of the fixed flow control and reflects the true effects of the viscosity. The identified linear relationship implies the significance of the solution viscosity, which reflects the inter-polymerchain interactions, on the morphology of the polymer fibers.
Effect of diameter of pipette orifice
Pipettes with different nozzle diameters were used in order to investigate their effects on the morphology and diameter of the fibers with all other parameters kept constant. The concentration of the solution was 6 wt% and a bias of 20 kV was applied with the collector set at 20 cm from the end of the pipette. Pipette nozzle diameters of 0.1, 0.3, 0.5, 0.7, 1.0, and 1.2 mm were tested. The reason for using a 6 wt% solution is that the best quality fibers are formed at this concentration and the extraction rate in our pump-free process was less dependent on the solution concentration and viscosity.
The results are shown in Figure 4 . The results show that it is possible to reduce the diameter of the fibers by reducing the diameter of the pipette orifice. Using a 0.1 mm orifice, uniform fibers with an average diameter of 180 nm were formed. However, using a 1.2 mm pipette orifice, the average fiber diameter was increased to 330 nm with much wider distribution. The plot shows an exponential dependence of the fiber diameter on the nozzle diameter. The fiber diameters show a steeper increase, followed by a relatively flat increase as the nozzle diameter increases from 0.1 mm to 0.8 mm. At a large nozzle diameter, from 0.8 mm to 1.2 mm, not only did the average fiber diameter increase, but its distribution also became wider. In such cases, the flow of the solution was no longer restricted by the nozzle diameter.
Our observation is qualitatively in agreement with measurements taken by Katti et al. [17] , although in their work, only three data points were presented. In contrast, Macossay et al. [18] reported that the nozzle diameter has no influence on the fiber diameter. The reason for such inconsistent results could also be explained as the effects of flow rate control. When the flow rate is higher than the extraction rate, determined by viscosity, solution charge density, and electric field strength, the nozzle size will have less effect on the fiber diameter, since much of the solution will be accumulated at the end of nozzle. Equally, when the flow rate is lower than the extraction rate, the flow rate itself will not be able to influence the fiber diameter, which was observed by Tan et al. [38] . Therefore, only when the volume feed rate matches the extraction rate can the reliable fiber diameter dependence on the nozzle size be quantitatively measured. The most effective way to achieve such conditions is to eliminate the external flow rate control, in other words, to use pump-free electrospinning. In this case, it is expected that the size of the Taylor cone base is determined by the orifice diameter of the nozzle only, which in turn affects the surface charge density, the diameter of the jet, and ultimately the diameter of the fibers. 
Effect of applied bias
The voltage dependence of fiber diameter was also studied using a solution with a PMMA concentration of 6 wt%, a fixed nozzle diameter of 0.4 mm, and a fixed distance between the collector and pipette of 20 cm. Within the voltage range of 10 -30 kV, good quality polymer fibers were produced and the observed diameter versus bias is plotted in Figure 5 . Increasing the electrospinning voltage caused a small increase in the nanofiber diameter from 290 nm at 10 kV to 308 nm at 30 kV. The observed biasdependent fiber diameter followed a nonlinear relationship, reflecting that, at higher bias, the fiber diameter increased more rapidly.
The positive voltage bias drives the charged jet to emerge from the tip through the Taylor cone rapidly, when the high electrostatic forces overcome the viscosity. In other words, with fixed diameter and collector position, the higher bias caused a faster extraction rate and therefore, larger fiber diameters. Our measurement has shown at 10 kV, that the measured extraction rate is about 0.8 ml/h, which increases to 1 ml/h at 20 kV and 3 ml/h at 30 kV. Although our voltage-dependent results are generally in good agreement with the literature [19, 20, 38] , several inconsistent results have also been reported. For instance, Katti et al. [17] reported that an increase in voltage caused a decrease in nanofiber diameter initially, and further increase in the voltage caused fluctuation of the nanofiber diameter. More controversially, measurement taken by Gu et al. [21] showed no correlation between fiber diameter and bias voltage. Moreover, careful inspection of the data reported by Zhang et al. [19] and Nasir et al. [20] also revealed a sublinear curvature, whereas our results show a superlinear curvature. Such a complex spectrum of the voltage-dependent results should be thoroughly analyzed, in order to obtain a comprehensive understanding of the whole picture, although it is worth mentioning that most of these reported results are obtained using flow control. As we have explained above, flow rate limit on the extraction rate could be the origin of these contradictory results. With a controlled low flow rate, the effects of increasing bias will cause changes in the shape and size of the Taylor cone, rather than affect the diameter of the resulting fibers.
The extraction force on the solution is proportional to V 2 , at a bias of V , as described in Eq. (2), and so is the flow rate. Therefore, the diameter of the nanofibers increases. The increase in the fiber diameter is also accompanied by increasing diameter distribution ( Figure 5 ). The increased breadth of the distribution could be due to splitting and splaying of the polymer fibers, due to the high ejection rate at higher bias (above 20 kV). We also observed the increase in bead production at high electric potential.
Effect of distance between the nozzle and the collector
With fixed solution concentration (6 wt%), bias voltage (20 kV), and nozzle diameter (0.4 mm), the fiber diameters were measured as a function of the distance between the end of the pipette and the collector ( Figure 6 ). While the bias applied could affect both the charge density and the fiber thinning process, the distance between the pipette and collector would only affect the thinning and whipping process. Therefore, it is necessary to distinguish between the effects of bias and the effects of distance between the nozzle and the collector. Between 10 cm and 20 cm, high quality uniform and bead-free fibers were formed, while the fiber diameter decreases when the distance increases, following an inverse relationship. Similar to decreasing bias voltage, increasing collector distance will reduce the electric field strength. Thus the fiber diameter will be expected to decrease, with an improved fiber quality. Meanwhile, the increase in distance provides more time for the thinning process arising from the whipping instability, which also results in finer fibers with a narrower diameter distribution. In our experiment, it is difficult to quantitatively distinguish the contribution of electric field strength from the fiber thinning process. Further experiments will be carried out to maintain the strength of the electric field by compensating with a higher bias at a larger distance, so only the contribution from the thinning time can be measured.
Conclusions
The effects of critical extrinsic processing parameters, including viscosity, concentration, nozzle diameter, voltage bias, and nozzle to collector distance, on the diameter and morphology of electrospun PMMA fibers, were investigated. Having recognized the significant effects of the flow rate on the dependence of other processing parameters, we investigated a pump-free electrospinning process. This study showed that, in the absence of mechanical pumping and flow control, the morphology and diameter of nanofibers can be controlled and their formation can be understood at a fundamental level. This technique can be used for further detailed experimental and theoretical study of electrospinning.
The viscosity of the PMMA solution was measured as a function of solution concentration, with excellent agreement with that predicted by the Mark-Houwink-Sakurada relationship. The critical entanglement concentration c e = 3.3 wt% was identified. More importantly for the fiber diameter, the viscosity dependence showed a linear Distance between nozzle and collector (cm) Figure 6 The measured fiber diameter as a function of distance between the nozzle and the collector.
relationship. The interference of flow control on the viscosity dependence is also discussed.
With fixed concentration, the fiber diameter dependence on the processing parameters, including nozzle diameter, voltage bias and nozzle to collector distance, was quantitatively analyzed. Decreasing the nozzle diameter can reduce the fiber diameter significantly with improved quality, following an exponential relationship. The bias dependence showed that decreasing the bias will reduce the average diameter and give a narrower distribution, following a power law. Similarly, increasing the distance between the end of the nozzle and the collector, can also reduce the fiber diameter. An inverse dependence of fiber diameter on the nozzle to collector distance has been found as the best fitting. The mechanism of flow rate restriction, forming of the Taylor cone, fiber thinning, and how they affect the nanofiber diameter, were discussed.
